Molecular mechanisms that define patterns of neuropeptide expression are essential for the formation and rewiring of neural circuits. The prodynorphin gene (PDYN) gives rise to dynorphin opioid peptides mediating depression and substance dependence. We here demonstrated that PDYN is expressed in neurons in human dorsolateral prefrontal cortex (dlPFC), and identified neuronal differentially methylated region in PDYN locus framed by CCCTC-binding factor binding sites. A short, nucleosome size human-specific promoter CpG island (CGI), a core of this region may serve as a regulatory module, which is hypomethylated in neurons, enriched in 5-hydroxymethylcytosine, and targeted by USF2, a methylation-sensitive E-box transcription factor (TF). USF2 activates PDYN transcription in model systems, and binds to nonmethylated CGI in dlPFC. USF2 and PDYN expression is correlated, and USF2 and PDYN proteins are co-localized in dlPFC. Segregation of activatory TF and repressive CGI methylation may ensure contrasting PDYN expression in neurons and glia in human brain.
Introduction
Neuropeptides, the largest family of neuromodulators, exert specific and coherent effects on the formation and rewiring of brain neural circuits and, consequently, on behavior (Bargmann 2012; Marder 2012; Leinwand and Chalasani 2014) . Most neurons express neuropeptides and multiple neuropeptides are expressed by a single neuron. As a rule, each neuropeptide is expressed in tiny neuronal subpopulations characterized by specific distribution patterns across and within central nervous system (CNS) areas.
Cell type-specific gene expression is controlled by complex interplay of epigenetic and transcription factors (TFs). The epigenetic-transcriptional codes dictate the generation and specification of distinct neuronal and glial populations (Ciernia and LaSalle 2016; Yao et al. 2016) . Cytosine methylation and hydroxymethylation enriched in neurons are essential for the development and function of the mammalian brain, dynamically regulated by neuronal activity and altered in neurodegenerative and psychiatric disorders (Hahn et al. 2013; Lister et al. 2013; Yao et al. 2016) . DNA differentially methylated regions (DMRs) between neurons and other cell types may regulate cell type-specific transcription. Neuronal DMRs are over-represented in CpG island (CGI) shores, but not in CGIs which often overlap with gene promoters, and harbor binding motifs for neuron-specific and activity-dependent TFs (Telese et al. 2013; Ciernia and LaSalle 2016; Yao et al. 2016 ). TF binding is strongly influenced by methylation of CpG sites within their recognition sequences, pointing to a cause-and-effect relationship between CpG methylation and gene repression.
Prodynorphin (PDYN) is a precursor protein to the dynorphin opioid peptides that elicit their effects through κ-opioid receptor (Schwarzer 2009; Chavkin 2013) . PDYN is expressed in specific neural circuits in the basal ganglia, frontal lobes, hippocampus and other brain areas. Pharmacological, genetic and clinical data demonstrates a role for dynorphins in the processing of reward and mood control, and cognitive processes including impulsivity, learning, and memory (Schwarzer 2009; Tejeda et al. 2012; Chavkin 2013) . Molecular dysregulation of dynorphins in cortical areas and striatum is implicated in depression, stress, and substance dependence (Butelman et al. 2012; Tejeda et al. 2012 ; Van't Veer and Carlezon 2013; Koob and Volkow 2016) . A fundamental role of these peptides in shaping and dissipation of neural circuits is emphasized by generalized pathological changes in the human brain caused by PDYN missense mutations that affect the core neuropeptide sequence (Bakalkin et al. 2010; Smeets et al. 2015) .
Remarkable patterns of cell type-and neuron-specific neuropeptide expression may be controlled by orchestrated activities of epigenetic and transcriptional mechanisms, each of which permits or restricts, activates or inhibits gene expression depending on the cellular context. We address this hypothesis by analysis of the expression of the PDYN gene in the dorsolateral prefrontal cortex (dlPFC) of human brain. This region is responsible for executive functions including working memory, cognitive flexibility and planning, and emotional processing. Dysregulation of dlPFC contributes to major depressive and post-traumatic stress disorders, schizophrenia, and substance dependence, in which dynorphins may have a pathogenic role (Butelman et al. 2012; Tejeda et al. 2012 ; Van't Veer and Carlezon 2013) . We here undertook a focused, in-depth study of PDYN regulation that complement, specify, and further elaborate epigenome-wide analyses of human brain relevant for psychiatric disorders. We aimed to identify epigenetic and transcriptional mechanisms of cell typespecific PDYN expression in dlPFC, particularly to pinpoint regions in the PDYN locus which are differentially methylated in neurons, and to identify methylation-sensitive sequence-specific TF(s) that target these regions and may establish neuron-specific pattern of PDYN expression. Molecular processes in human brain were analyzed using postmortem human specimens and cellular models.
Materials and Methods
Quantitative analysis of DNA methylation using real-time polymerase chain reaction (PCR), hairpin-bisulfite PCR, DNA hydroxymethylation, electrophoretic mobility shift assay, and luciferase reporter assays, RNA purification and western blot analysis were performed according to standard protocols and are described in detail in Supplementary Material. Plasmid construction, antibodies used, and analysis of TF binding sites are also described there.
Human Subjects
Tissues were collected at the New South Wales Brain Tissue Resource Centre (BTRC), University of Sydney, Australia (http:// sydney.edu.au/medicine/pathology/btrc/; see Supplementary  Table S1 ). All subjects were males of European descend (n = 138) with the mean age of 56.3 years (range 34-83 years). Cases with a prolonged agonal life support or with a history of cerebral infarction, head injury, or neurodegenerative disease (e.g., Alzheimer's disease) were excluded. Informed written consent for autopsy was obtained from the next-of-kin and collection was approved by the Human Research Ethics Committees of the Sydney Local Health District (X15-0199) and the University of Sydney. The study was approved by the Swedish Central Ethical Review Board.
DNA Methylation Analysis
Infinium HumanMethylation 450k BeadChip Array DNA was purified from human brain samples or fluorescenceactivated nuclear sorting (FANS)-sorted nuclei using the DNeasy Blood & Tissue kit (Qiagen) and bisulfite converted using EZ DNA methylation Gold kit (Zymo Research) according to manufacturers' instructions. Methylation profiling was performed using Infinium HumanMethylation450 BeadChip assay (Illumina) by The SNP&SEQ Technology Platform at Science for Life Laboratory (Sweden). Data were analyzed using the R/Bioconductor 3.3 package minfi 1.18.2 (Fortin et al. 2014 ). Poor quality samples (mean detection P-value > 0.01) were discarded; probes with a detection P-value > 0.01 in at least 1 sample within a data set were also discarded, as were X and Y chromosome probes, probes with single nucleotide polymorphisms (SNPs) at the CpG or single base extension site and crossreactive probes identified by (Chen et al. 2013) . Neuronal proportions were estimated by CETS 3.0.3 package (Guintivano et al. 2013 ).
Pyrosequencing Analysis
Total, neuronal and glial DNA methylation status of 1.25 kb human PDYN promoter region (see Supplementary Fig. S2 ) was quantified by direct bisulfite pyrosequencing. DNA was bisulphite treated using EpiTect Bisulfite Kit (Qiagen) according to manufacturer's protocol and PCR-amplified with HotStart-IT Taq DNA polymerase (USB Corporation). Primers for quantitative analysis of methylation were designed by Pyrosequencing Assay Design Software 1.0.6 (Biotage). Genomic coordinates of interrogated regions and primer sequences are shown in Supplementary Table S4. All products were confirmed to be single bands of expected size by agarose gel electrophoresis. The biotinylated antisense strands of the target regions were immobilized using Streptavidin-coated Sepharose HP beads (GE Healthcare) followed by purification using Vacuum Prep Tool (Biotage), according to standard procedures. The PCR products, with annealed sequencing primers, were sequenced on a PyroMark ID System (Biotage). The targeted CpGs for each assay were evaluated by converting the pyrograms to numerical values for peak heights using Pyro Q-CpG software (Biotage). Pyrosequencing was performed at varionostic GmbH (Germany). Assay validation and controls are described in Supplementary Material.
Gene Expression Analysis
SYBR Green-Based Assay Primers were designed with "Vector NTI advance 11" software (Invitrogen). Primer sequences and PCR conditions are reported in Supplementary Table S3 . qPCRs were carried out using iQ SYBR Green Supermix (Bio-Rad) with a CFX96 Real-Time Detection System (Bio-Rad). Melting curve analysis of the PCR products was performed to ensure primer specificity and lack of primer dimers. Amplicons were separated on agarose gel and sequenced to ensure correct amplification. Gene expression in SK-N-MC cells was normalized to expression of ACTB and GUSB reference genes.
TaqMan ® -Based Assay
TaqMan assays for GFAP (Hs00909233_m1), PDYN (Hs00225770_m1), POLR2A (Hs00172187_m1), RBFOX3 (Hs01370653_m1), RPLP0 (Hs99999902_m1), and USF2 (Hs00231528_m1) (Applied Biosystems) were used. cDNAs were mixed with TaqMan assay and iTaq Universal Probes supermix (Applied Biosystems) for qPCR with a CFX96 Real-Time Detection System (Bio-Rad). Gene expression in dlPFC was calculated by relative quantification using POLR2A and RPLP0 reference genes (Johansson et al. 2007) . RNA purified form FANS-sorted nuclei was analyzed using Droplet Digital™ PCR (McDermott et al. 2013) . cDNAs were mixed with TaqMan assay, ddPCR Supermix for Probes (Bio-Rad) and Droplet Generation Oil (Bio-Rad), partitioned into 14 000-17 000 droplets in QX200 Droplet Generator and used for PCR with T100 Thermal Cycler (Bio-Rad) according to manufacturer's instructions. The fluorescence intensity of the droplets was measured using the QX200 Droplet Reader (Bio-Rad). The data analysis was performed with QuantaSoft droplet reader software (Bio-Rad). mRNA amount was calculated using the Poisson statistics . The absolute transcript levels were expressed in RNA copies per ng of total RNA.
Fluorescence-Activated Nuclei Sorting
Tissue samples were Dounce homogenized in lysis buffer (0.32 M sucrose, 5 mM CaCl 2 , 3 mM Mg(CH 3 COO) 2 , 0.1 mM EDTA, 10 mM Tris-HCl, pH 8.0, 0.1% Triton X-100, 1 mM DTT), gently suspended in sucrose solution (1.7 M sucrose, 3 mM Mg (CH 3 COO) 2 , 1 mM DTT, 10 mM Tris-HCl, pH 8.0), layered onto a sucrose cushion and centrifuged at 30 000 g for 2.5 h. Nuclei pellets were resuspended in PBS and filtered through a 40 μm Nitex mesh to remove remaining clumps. Nuclei were incubated with 1:600 anti-Neuronal Nuclei (NeuN) antibody conjugated with mouse IgG labeling reagent Alexa 488 (Molecular Probes) for 18 h at +4°C in the dark. NeuN were sorted on a FACSAria III flow cytometer (BD BioSciences). To ensure sorting single but not aggregated nuclei the preparations were stained with a Hoesch dye, and a gate was set to isolate singlets only that were readily discerned from doublets, triplets, and higherorder aggregates based on their fluorescence intensity. The purity of NeuN was confirmed by re-analysis of the sorted preparations. For RNA preparation, nuclei were incubated with anti-NeuN antibody for 30 min and directly sorted in the RLT lysis buffer (Qiagen).
Chromatin Immunoprecipitation
Protocol developed by Zuccato et al. (2007) was modified and optimized for analysis of smaller amount of frozen human brain tissue samples. Protocol validation and controls are described in Supplementary Material. About 100 mg powdered human brain tissue were cross-linked with 1% formaldehyde for 10 min on ice. Crosslinking was quenched by adding glycine solution to 125 mM final concentration. Tissue pellet was precipitated by centrifugation at 400×g, washed 3 times in PBS and once in buffer A (10 mM HEPES, 1.5 mM MgCl 2 , 10 mM KCl), resuspended in buffer A supplemented with 0.1 mM benzamidine and 0.1 mM phenylmethylsulfonyl fluoride, incubated for 5 min on ice and homogenized with a Pestle A in a Dounce glass-glass homogenizer. After centrifugation at 5000×g, the supernatant was removed and Dounce buffer (10 mM Tris-HCl, pH 7.5, 4 mM MgCl 2 , 1 mM CaCl 2 ) and 2.4U of micrococcal nuclease (MNAse) (Sigma) were added to the pelleted nuclear fraction. After incubation for 15 min at room temperature, EDTA (final 10 mM) was added to stop the MNAse digestion. Cell lysis buffer (final 50 mM Tris-HCl, pH 8.0, 0.1% SDS; 0.5% sodium deoxycholate) was added, and after brief sonication on Branson Sonifier B15, the samples were incubated for 5 min on ice and centrifuged at 10 000×g to remove debris. One hundred microliters of chromatin aliquots were diluted 5-fold with modified RIPA buffer (140 mM NaCl, 10 mM Tris, pH 7.5, 1 mM EDTA, 0.5 mM EGTA, 1% TX-100, 0.01% SDS, 0.1% sodium deoxycholate) supplied with protease inhibitors. Four micrograms of rabbit polyclonal anti-USF2 or rabbit polyclonal anti-acetyl Histone H3 (K9/K14) antibodies, or pre-immune rabbit IgG were added, and the reaction mixture was incubated overnight with rotation at 4°C. Twenty-five microliters of protein G paramagnetic beads (Invitrogen) were added to the sample followed by incubation for 4 h at 4°C with rotation. Beads were captured, supernatant removed and beadsantibody complexes were washed twice with Wash buffer I (20 mM Tris-HCl, pH 8.1, 50 mM NaCl, 2 mM EDTA, 1% TX-100, 0.1% SDS) for 2 min, once with Wash buffer II (10 mM Tris-HCl, pH 8.1, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 250 mM LiCl) and twice with TE buffer. Washed beads were resuspended in elution buffer (0.1 M NaHCO 3 , 1% SDS) and incubated to reverse crosslinks overnight at 65°C. Chromatin was then treated with Proteinase K (Qiagen) for 1.5 h at 37°C. Following phenol/chloroform extraction, qPCR was performed with specific primers (see Supplementary Table S3) . Amplicon positions are shown in Supplementary Figure S5D .
Mononucleosomal DNA Analysis using qPCR
Chromatin was prepared and de-crosslinked as described for Chromatin immunoprecipitation (ChIP). Briefly, tissue powder was cross-linked, homogenized and chromatin was digested with MNAse. Digested chromatin was incubated overnight at 65°C to reverse crosslinks and DNA was extracted using phenol/chloroform. MNAse-treated DNA was loaded onto 1.5% agarose gel and the fragment corresponding to mononucleosomal size was excised and purified using illustra GFX™ PCR DNA and Gel Band purifyication kit (GE Healthcare). Fragment enrichment was quantitated by qPCR with primers listed in Supplementary Table S3 Immunofluorescence Paraffin sections (4 μm) were dewaxed using the standard protocol in autostainer (Bond RX, Leica) followed by heat-induced epitope retrieval step in high pH EDTA buffer (HIER2, Leica) and incubated with rabbit anti-PDYN antibody (1:2000) in antibody diluent (0.1 M phosphate buffer containing 0.3% TX-100 and 0.1% sodium azide, pH 7.4) for 48 h at 4°C (Kononenko et al. 2016) . Sections washed in TBS containing 0.5% Tween 20 (TNT) were incubated in TBS containing 2.5% blocking reagent (TNB, Perkin Elmer), then with horseradish peroxidase conjugated secondary swine antibody against rabbit IgG (1:200; Dako), washed in TNT buffer, incubated in amplification diluent containing Cy5-conjugated tyramine (1:100, Perkin Elmer) and after washing in TNT probed with an antibody against glial fibrillary acidic protein (GFAP; 1:1000) raised in chicken and biotinconjugated rabbit anti-NeuN (RBFOX3; 1:1000) in primary antibody diluent for 16 h at 4°C. Sections were then blocked in TNB and incubated with Alexa fluor 488 conjugated anti-chicken IgY raised in donkey (1:200, Jackson immunoresearch). NeuN immunoreactivity (ir) was visualized using peroxidase avidin/ biotin (Vectastain Elite, Vector laboratories) followed by incubation in amplification diluent containing Cy3.5-conjugated tyramine (1:100, Perkin Elmer). Lipofuscin autofluorescence was blocked by incubating the sections in 70% EtOH containing 1% Sudan black. Slides were mounted using ProLong Gold antifade reagent (Invitrogen). Entire slides were scanned using a slidescanning microscope (Vslide, Metasystems) equipped with a 10× objective and the appropriate excitation and emission filter sets for detection of used fluorophores. After scanning individual field of view images were stitched and background signal based on median pixel intensity was subtracted. Image segmentation based on thresholded NeuN and GFAP masks were used to calculate average PDYN-ir in both cell types and to create overview images color-coding astrocyte and neuronal PDYN-ir. All image processing was performed using the open source image analysis software ImageJ (NIH).
Immunolabeling and Light Microscopy
Formalin-fixed paraffin-embedded sections (7 μm) of human dlPFC were deparaffinaized in xylene and rehydrated in a graded ethanol series. Antigen retrieval was performed in sodium citrate buffer, pH 6.0 by microwave heating. Endogenous peroxidase activity was quenched with 3% hydrogen peroxide (Sigma-Aldrich). Rabbit and goat serums (Dako) were used as a blocking reagent. Primary immunolabeling was performed at 4°C using polyclonal rabbit anti-human PDYN antibodies (1:1000) overnight and monoclonal mouse anti-USF2 antibody (1:7500) for 3 days. For double labeling sections were incubated with anti-USF2 antibody followed by incubation with anti-human PDYN antibody. Secondary antibody staining was performed using polyclonal rabbit anti-mouse IgG (1:300, Dako) and polyclonal goat anti-rabbit IgG (1:300, Dako) for 45 min at room temperature. Labeling by secondary IgG (Dako) or pre-immune rabbit serum IgG fraction (Nikoshkov et al. 2005 ) was used for negative control. Immunoreactivity visualization was performed using VECTASTAIN Elite ABC system (Vector Laboratories) followed by 3,3′-diaminobenzidine (DAB) plus nickel or DAB only treatment (Vector Laboratories). Single immunolabeled samples were counterstained by hematoxylin (for PDYN) and toluidine blue (for USF2) to visualize all cell nuclei.
For analysis of double immunolabeled samples 50-60 image fields (×20, minimum 50 cells per field) per section were taken uniformly across the layers II, III, and V and immunoreactivity of all cells within every image field was visually analyzed (ca. 2500-00 cells per every subject). Light microscopy analysis was carried out using Olympus BM-2 microscope equipped with Nikon DXM 1200 F digital camera and EclipseNet image software. All images were taken using the same exposure and RGB range.
Statistical Analysis
Statistical analysis was performed using Statistica version 12.0 (StatSoft Scandinavia, Uppsala, Sweden) and R version 3.3.0 (http://www.R-project.org/). Normality of data distribution was analyzed using Kolmogorov-Smirnov test. R/bumphunter package with b = 10 5 bootstrapping resamples (Jaffe et al. 2012 ) was used to identify neuronal DMRs given null hypothesis of no tissue effect for all measured CpGs. We formed DMRs only from CpGs detected by "bumphunter" at FWER < 10 −6 both with running median smoothing (k = 5) and without smoothing. (Faraway 2002) . A significance level of P < 0.05 was accepted as statistically significant and all tests were 2-tailed.
Results

Neuronal Expression of PDYN is Associated with Differential and Coordinated Methylation Pattern and 5hmC Enrichment in PDYN Promoter in Human dlPFC
We examined cell type-specific PDYN expression in human dlPFC, first, using triple-labeling immunofluorescence for PDYN, NeuN, the neuronal marker transcribed from the RBFOX3 gene, and GFAP, the astrocyte marker ( Fig. 1A-F) ; and second, analyzing PDYN, RBFOX3, and GFAP mRNAs by ddPCR in neuronal and non-neuronal (mostly glial) nuclei isolated by FANS (Fig. 1G ). PDYN expression in the NeuN-expressing neurons and GFAP-expressing astrocytes was identified based on overlapping immunoreactity (ir). Anti-NeuN antibody labeled neuron-like perikarya (Fig. 1A,D) while anti-GFAP antibody astrocyte-like cells and processes (Fig. 1B,E) . Anti-PDYN antibody revealed neuron-like and neuropil-like staining pattern ( Fig. 1C-F) . A most of the PDYN-ir co-existed with NeuN-ir (Fig. 1D,F) while only its small portion overlapped with GFAP-ir (Fig. 1E,F) . Analysis of images segmented based on PDYN-ir, NeuN-ir, and GFAP-ir revealed a 5.5-fold higher level in neurons vs. astrocytes (Fig. 1F) . Consistently with immunofluorescence results, PDYN mRNA was highly enriched, approximately 10-fold in neuronal compared to non-NeuN (Fig. 1G) . RBFOX3 and GFAP mRNAs were localized in neuronal and non-NeuN, respectively (Fig. 1G) .
To identify PDYN DMR(s) compatible with its neuronal expression, we compared methylation profiles of the 42 kb PDYN locus framed by 2 strong CCCTC-binding factor (CTCF) peaks (see Supplementary Fig. S1A ), between neurons and nonneuronal cells using Illumina Infinium HumanMethylation450 beadchip (450 K) data. CTCF is a DNA-binding factor that is involved in transcriptional regulation, insulator activity and regulation of the 3D structure of chromatin; it binds together strands of DNA, thus forming chromatin loops, anchors DNA to cellular structures, for example, the nuclear lamina and defines the boundaries between active and heterochromatic DNA ( ) (see Supplementary Fig. S1B ). The central segment of DMR1 represents a short, 247 bp CpG island (CGI) that overlaps with the distal cluster of transcription start sites (TSSs) (Fig. 1H) and is a unique human trait; it is conserved between humans and great apes but not other vertebrates (Fig. 1H) . Bisulfite pyrosequencing of the 1.25 kb PDYN promoter fragment (nucleotide sequence is shown in Supplementary Fig.  S2 ) validated this finding. Two DMRs were identified; DMR1 consisting of CpGs 1-19 and hypomethylated in neurons (fwer < 10 −6 ), and DMR2 encompassing CpGs 24-27 and hypermethylated in neurons (fwer < 10 −6 ) (Figs 1I,J). Total DNA methylation pattern was similar with that of glial DNA (Fig. 1J) . A high abundance of nonCpG methylation that is asymmetric in DNA molecules was found in the human brain (Lister et al. 2013; Varley et al. 2013 ). Frequencies of nonCpG and asymmetric cytosine methylation in the PDYN promoter CGI (CpGs 5-16) assessed using hairpin-bisulfite PCR assay were low, 6.4% and 1.2%, respectively. The assay also identified 2 methylation patterns of individual DNA molecules which were either virtually nonmethylated at the CGI, or densely methylated at this location, suggesting their origin from neurons and glia, respectively, (see Supplementary Fig. S3 ).
Active gene regulatory regions are enriched in 5-hydroxymethylcytosine (5hmC) (Feldmann et al. 2013; Lister et al. 2013; Wen et al. 2014) . We examined whether 5hmC is present in PDYN promoter by quantitative analysis of 5hmC using real-time PCR (5hmC-qAMP) assay. The 5hmC levels were significantly higher in the CGI relative to the Distal (3.0-fold; P = 0.0001) and Proximal (5.3-fold; P = 0.0001) regions in total tissue DNA (Fig. 1K) . Validation by Mirror-BS seq assay showed essentially the same 5 hmC levels in the CGI (data not shown). A proportion of 5hmC in total modified cytosine fraction in the CGI was significantly 2.4-fold higher in neurons compared to glia (P = 0.004) (Fig. 1L) .
To examine whether GpG methylation within each of the 2 DMRs and between the DMRs is interdependent, we analyzed Pearson correlations between methylation levels for all pairs of 27 CpGs in the PDYN promoter for neurons and glia separately. A graphical representation of R-values revealed 2 regions with high positive intraregional correlations that were the DMR1/CGI in neurons ( Fig. 2A) and DMR2 in glial cells (Fig. 2B) . Interestingly, correlations between DMR1 and DMR2 were highly negative in neurons but not glia (Fig. 2A) . The significance of differences in the pairwise correlations in methylation between neurons and glia, and the direction of these differences are visualized as the heatmap on Figure 2C . The central promoter region encompassing CpGs 7-22 demonstrated significantly higher correlations in neurons than in glia, whereas in the rest of the promoter methylation significantly higher correlated in glia compared to neurons. These patterns suggest coordinated regulation of CpG methylation of the central promoter segment including most of the CGI in neurons that may be a characteristic of active gene. In opposite, the coordinated methylation in the rest of the promoter may reflect the repressed gene state in non-neuronal cells.
In summary, PDYN expression is associated with opposing methylation patterns of the 2 DMRs, high coordination in CpG methylation within the CGI and enrichment of 5hmC in the CGI in neurons compared to glia. These findings suggested a local regulation of CGI methylation/hydroxymethylation in the context of PDYN promoter, and a CGI role in regulation of PDYN transcription.
USF2 Binds to E-box in the PDYN Promoter CGI and Activates Transcription
The CGI may serve as a regulatory module, a target for TF(s), which action is abrogated by CpG methylation. TRANSFAC analysis focused on canonical neuronal CpG-containing TF-binding sites (TF-BSs) identified target DNA elements for Upstream Stimulatory Factor 2 (USF2), MYC, MAX, c-MAF/MAF, AHR, and SMAD3 in the CGI (Fig. 3A) , of which USF2, MYC, and MAX are the E-box TFs. Sequences aligned around CGI CpGs form a consensus E-box (CACGTG) (see Supplementary Table S5) while canonical E-box sequence is also present in the CGI (CpG 12).
A factor that binds to the nonmethylated CGI E-box oligonucleotide with 3.5-to 20-fold higher affinity compared to the Ebox methylated oligonucleotide in both rat fetal brain (RFB, a rich source of TFs) and human dlPFC was identified using electromobility shift assay (EMSA) (Figs 3B,C; see Supplementary  Table S6 ). The binding factor targeted E-box, as demonstrated with another canonical E-box (CAGGTG) oligonucleotide and its mutant. Antibodies against USF2, but not those against USF1, SNAI 1, c-MYC, or MAX, which are all E-box TFs, depleted and supershifted the complex formed by CGI E-box oligonucleotide ( Figs 3D and E) . USFs are basic helix-loop-helix E-box TFs that regulate activity-dependent transcription in neurons (Chen et al. 2003) , recruit histone modification complexes and maintain a chromatin barrier (West et al. 2004; Huang et al. 2007; Gallagher et al. 2009 ). USF2 but not ΔB-USF2, a dominant negative mutant lacking DNA-binding domain (van Deursen et al. 2009 ) both ectopically expressed in SK-N-MC cells, produced the complex with the CGI E-box probe characterized by the Clusters of neuronal and non-neuronal DNA are distinguished based on methylation levels. (J) Two neuronal DMRs identified by "bumphunter". DMR1 (CpGs 1-19) is hypo-while DMR2 (CpGs 24-27) hypermethylated in neurons. The CGI CpGs demonstrate largest and most significant differences among those in DMR1. Average methylation level for 12 subjects and the errors of the means are shown. fwer values for DMRs computed using bootstrap method, as detailed in the "Materials and Methods" section, are indicated. (K) The 5hmC levels are significantly higher in the CGI compared to the Distal or Proximal promoter regions in total tissue DNA analyzed by 5hmC-qAMP assay (n = 21 subjects). (L) A proportion of 5hmC assessed as the (5hmC)/(5hmC + 5mC) ratio in the CGI is significantly higher in neurons compared to glial cells analyzed by 5hmC-qAMP and qAMP assays (n = 12 subjects). The bar graphs show averages and the errors of the means. In box plots, center line is the median, box spans the interquartile range (IQR), and whiskers are 1.5 × IQR from box limits. **P < 0.01, ***P < 0.001. See also Supplementary Figures S1-S3 . same mobility and binding characteristics in EMSA as those formed by human dlPFC and RFB extracts (Fig. 3F) . Methylation or hydroxymethylation impaired the ability of CGI E-box oligonucleotide to form the complex (Fig. 3F ).
USF2 Activates Transcription from PDYN Promoter in Cellular Models
We next investigated whether USF2 activates transcription from PDYN promoter in reporter gene assay. The reporter expression was driven by the 1,3 kb PDYN promoter segment including 56 bp of exon 1 (FL-wt, full-length wt); FL with mutated E-box (FL-mut); a CGI (CpG 9-16) (CGI-wt); or CGI with mutated E-box (CGI-mut) (Fig. 3G) . Expression was compared between SK-N-MC cells which were transfected with USF2-or ΔB-USF2-expressing plasmids or mock transfected. USF2 strongly, 14-fold and significantly (P = 0.0009) activated transcription from FL-wt construct, while E-box mutation reduced, 2.3-fold the induction (P = 0.018). Consistently, transcription from CGI-wt construct was 21-fold activated by USF2 (P = 0.0006) while E-box mutation 2.3-fold diminished this effect (P = 0.0103). ΔB-USF2 failed to activate transcription.
Effects of CGI methylation were studied using a construct with CGI (CpGs 9-16) inserted into pCpGL-basic, a CpG-free reporter vector to exclude influence of vector backbone DNA methylation. USF2 strongly activated, 40-fold transcription from nonmethylated construct (P = 0.0002) while CGI methylation virtually completely abolished this activation (P = 0.00023) (Fig. 3H) .
Ectopic expression of USF2 increased transcription from the endogenous PDYN gene in SK-N-MC cells 1.9-fold relative to mock (P = 0.0015), and 2.6-fold relative to ΔB-USF2 (P = 0.0005) (Fig. 3I) . Altogether, these results strongly suggest that USF2 is an activator of PDYN transcription that acts through the binding to PDYN CGI E-box, which is abrogated by CpG methylation/ hydroxymethylation.
USF2 Occupies PDYN Promoter at the Hypomethylated E-box in Human dlPFC
USF2-PDYN promoter interactions in dlPFC were investigated by quantitative chromatin immunoprecipitation (ChIP-qPCR) assay adopted for analysis of human brain (see Supplementary Fig. S5 ). USF2 was found to be bound to DNA across the PDYN promoter at 3.9-fold higher average levels compared to those of IgG in dlPFC (P = 0.0001) (Fig. 4A) . The CGI E-box CpG methylation analyzed by quantitative real-time PCR (qAMP) assay was significantly lower in DNA immunoprecipitated with anti-USF2 antibodies than those of input DNA (P = 0.002) (Fig. 4B) . DNA methylation is generally coupled with histone acetylation (Cedar and Bergman 2009) . Methylation of the E-box CpG in DNA fragments immunoprecipitated using anti-acetylated histone 3 (H3K9/K14 acetylation; the gene-activating mark) antibody was significantly (P = 0.0099) lower compared to that in the input chromatin fraction (Fig. 4C) . These findings suggest that USF2 activates PDYN transcription in dlPFC through binding to nonmethylated promoter CGI that is associated with acetylated histones.
DNA methylation landscape may be shaped by nucleosome positioning and, conversely, may determine nucleosome occupancy (Allis and Jenuwein 2016) . The length of the promoter CGI (247 bp) suggests that it may form a single nucleosome with the linker DNA. Analysis of nucleosome occupancy across the PDYN promoter in dlPFC by examination of promoter segments in mononucleosomal DNA fraction demonstrated that the PDYN CGI may be occupied by a well-positioned nucleosome (Fig. 4E) . Two nucleosomes located upstream and two downstream of the CGI, including +1 nucleosome in exon 1, could be also predicted. This nucleosome positioning pattern was identified for total tissue chromatin and thereby may be a characteristic of the repressive chromatin state.
PDYN Expression is Associated with USF2 in Human dlPFC
Significant positive main effect of USF2 mRNA on PDYN mRNA in dlPFC was observed in two cohorts of human subjects ( Figs  5A and B) . The effect of USF2 protein on PDYN mRNA was also human PDYN promoter and luciferase reporter constructs are shown. Luc, luciferase coding sequence. Cells were transfected with USF2 (+) or ΔB-USF2 (ΔB) expressing vectors, or mock (−). RLU, relative light units normalized to "renilla" luciferase activity in (G) and to mock in (H). In (H), the unmethylated (UM) or methylated (M) CGIwt inserted in pCpGL-basic, a CpG-free reporter vector, was transfected. (I) Expression of the endogenous PDYN gene is activated in SK-N-MC cells transfected with USF2-but not with ΔB-USF2-expressing vector, or mock transfected cells. The bar graphs show averages of 3 independent experiments and the errors of the means. *P < 0.05, **P < 0.01, ***P < 0.001. evident ( Fig. 5C and see Supplementary Fig. S6A ). These results support the notion on regulation of PDYN transcription by USF2 in dlPFC.
PDYN and USF2 Proteins are Co-Localized in Human dlPFC
USFs are ubiquitously expressed in animal tissues including brain (Sirito et al. 1998) , and in inter-, pyramidal and trigeminal ganglion neurons, and in oligodendrocytes and astrocytes within the CNS (Zeisel et al. 2015) . Analysis of USF2 transcripts by ddPCR in cell nuclei isolated by FANS identified similar USF2 mRNA levels in neuronal and non-neuronal cells in human dlPFC (see Supplementary Fig. S6B ).
To examine whether this ubiquitous TF may direct neuronspecific PDYN expression, we analyzed localization patterns of USF2 and PDYN proteins in dlPFC. Cells immunopositive for PDYN and USF2 were located in most cortical layers showing uniform distribution across dlPFC (Fig. 5D) . Immunoreactive PDYN was located in cytoplasm and axons (Figs 5E, J, and K) while USF2 predominantly in the cell nucleus (Figs 5F, J, and K). Counterstaining demonstrated that PDYN and USF2 immunopositive cells represented a fraction of cell population in the cortex (Figs 5F and H) . Counting of single and double labeled cells demonstrated that PDYN-positive neurons were virtually all USF2-positive, and most USF2-immunoreactive cells were PDYN-positive (Figs 5D and I-K; see Supplementary Table S7 ). The co-localization pattern was evident in all cortical layers for neurons of different morphologies including pyramidal neurons. Together with molecular data (see Supplementary Fig.  S6B ), these results suggest that only neurons producing USF2 at high levels express PDYN in dlPFC.
Discussion
Our findings demonstrate that PDYN expression in neurons of human dlPFC is associated with differential methylation of its promoter. Two short adjacent PDYN promoter DMRs with methylation patterns, which are opposite (1) between the DMRs in each neurons and glia, and (2) in each DMR between neurons and glia, are located in the PDYN locus framed by strong CTCF binding sites. CTCF creates boundaries between topologically associating chromatin domains and forms chromatin loops binding distant DNA segments (Ong and Corces 2014) . The presence of CTCF binding sites suggests that CTCF bridges flanks of the PDYN locus together forming a chromatin loop that creates a structural context for autonomic regulation of PDYN. USF2, a methylation-sensitive TF may target hypomethylated CGI in the DMR1 and activate PDYN transcription. Conversely, CGI hypermethylation in non-neuronal cells may hinder the USF2-mediated activation (Fig. 6 ). On average, neurons and non-neuronal cells express USF2 at similar levels. However, cell-to-cell differences in USF2 protein are substantial as demonstrated by immunohistochemistry. Only USF2-expressing cells synthesize PDYN. Thus, both the CGI hypomethylation and high USF2 expression are the conditions for cell type-specific PDYN transcription (Fig. 6) .
The current epigenome-wide view is that DMRs mostly overlap with CGI shores but not with CGIs (Doi et al. 2009; Ciernia and LaSalle 2016; Yao et al. 2016) . The short PDYN promoter CGI may be an exception; it is differentially methylated between neurons and glia, and enriched in 5hmC suggesting high turnover rate of cytosine methylation, a mark of active regulatory regions. In neurons, methylation is highly coordinated within the DMR1/CGI but not between this domain and other PDYN promoter areas. In this feature, the PDYN CGI is similar to contiguous methylation clusters in human blood DNA and characterized by high between-CpG methylation correlations . Differences in the CGI methylation acetylation, an activatory mark; (C)) was significantly lower compared to that of the total tissue DNA. Methylation was analyzed in DNA immunoprecipitated either with anti-USF2 antibodies or anti-H3-Ac antibodies by qAMP assay using PCR primer Set 7 (see Supplementary Table S3) . Six tissue samples all of each pooled from 3 subjects, altogether from 18 subjects were analyzed. Bar graphs show mean ± SEM. **P < 0.01 (t-test). patterns may reflect differences in chromatin structure between neurons and glia. The CGI chromatin domain may form a nucleosome in glia and other cell types that may be a characteristic of the repressive chromatin state. This notion is supported by our analysis of positioning of nucleosome that occupies the PDYN CGI in glia. Altogether, our observations suggest that the PDYN CGI functions as a modular promoter element which methylation/hydroxymethylation is locally regulated, and which epigenetic DNA modifications and interactions with sequence-specific TFs may delineate patterns of PDYN expression.
In contrast to DMR1, DMR2 is hypermethylated in neurons. This opposite pattern along with negative correlations in methylation between 2 DMRs suggest autonomic for each DMR but coordinated between them regulation of methylation, and their complementary role in control of PDYN transcription (Fig. 6) . Hypothetically, in neurons hypermethylated DMR2 may be targeted by a methylation-dependent DNA-binding factor (e.g., MeCP2) capable to activate gene transcription; while in nonneuronal cells PDYN may be repressed through binding of methylation-sensitive repressor to nonmethylated DMR2 (e.g., DREAM (Naranjo and Mellstrom 2012) ). Thus, there may be one more mechanism for tight control of cell type-specific PDYN transcription in human dlPFC.
USFs are regulated by phosphorylation and mediate Ca 2+ -responsive transcription in neurons (Chen et al. 2003; Spohrer et al. 2016) . These TFs are indispensable for normal embryonic development, and also play an essential role in adult mice exerting pleiotropic effects on brain function, fertility, and lifespan. Despite of ubiquitous expression and pleiotropic effects USFs may regulate cell lineage-specific transcription through control of TFs required for cell commitment and differentiation (Deng et al. 2013; Spohrer et al. 2016) . In human brain, cellular segregation of USF2, which activates transcription, and the hypermethylated CGI, which restricts transcription, may be the mechanism that ensures the contrasting PDYN transcription in neurons and glia, and thereby determines PDYN cellular phenotype (Fig. 6) . It is important to identify primary mechanism(s) that control(s) the elevated USF2 expression and PDYN CGI methylation in subpopulation of neurons versus other cells.
Compared to many other neuronal genes transcriptional regulation of human PDYN gene has not yet been well disentangled; and TFs and mechanisms of cell type-and brain areaspecific and neuronal activity-dependent transcription have not been identified. The human PDYN promoter region is a unique human cis-regulatory trait that consistent with hypothesis on the recent positive selection of opioid cis-regulation in humans (Rockman et al. 2005) . Early studies demonstrated the presence of promoter activity in 1 kb fragment of human PDYN promoter (Telkov et al. 1998 ) and identified a minimal inducible promoter fragment located −150 to +150 bp around the TSS (Carrion et al. 1998) . Within this region a downstream response element functions as a transcriptional silencer which is targeted by the Ca 2+ -binding transcriptional regulator DREAM (Carrion et al. 1999; Ledo et al. 2000; Cheng et al. 2002; Campos et al. 2003) . Several other TFs including Yin-Yang1 and NF-κB were implicated in PDYN regulation (Bakalkin et al. 1994 (Bakalkin et al. , 1995 (Bakalkin et al. , 1997 . Target DNA elements for these TFs are located in the coding part of exon 4 where they overlap with the enkephalinencoding sequences implying that short, repetitive and conservative neuropeptide-encoding sequences may function as target elements for TFs. Consistently, exon 4 PDYN fragment comprising these sequences demonstrates ability to activate a reporter gene in cellular experiments (Nikoshkov et al. 2005) .
Structural genetic variants including variable number tandem repeat (VNTR) or SNPs may affect phenotype via changes in gene expression, possibly via creation or disruption of binding sites for TFs. The human PDYN gene harbors 1-5 copies of 68bp VNTR located upstream of the TSS. The PDYN VNTR contains AP-1 (TRE)-like-binding site and weakly influences the inducibility of the gene (Zimprich et al. 2000) . TPA stimulation elevated the expression of reporter gene from the promoter with 3 or 4 repeats compared to 1 or 2 repeats in cells (Rouault et al. 2011) . In human striatum, a number of inducible repeats correlated with PDYN mRNA (Nikoshkov et al. 2008) . Effects on transcription were assayed for 19 naturally occurring haplotypes of the PDYN 3 kb cis-regulatory region (Babbitt et al. 2010) . The impact of these variants differed between cell types and across brain region with at least 6 different variants affected transcript abundance in vitro. In the human cortical areas, promoter SNP rs1997794 was strongly associated with expression level (Babbitt et al. 2010) , while VNTR polymorphism did not affect PDYN expression (Cirulli and Goldstein 2007) . Consistently, in the human hippocampus PDYN expression may also depend on the rs1997794 genotype (Taqi et al. 2011 ). The T, low risk allele of this SNP resides within noncanonical AP-1-binding element that may be targeted by JUND and FOSB proteins, the dominant AP-1 constituents in the human brain. The T to C transition abrogated AP-1 binding (Taqi et al. 2011) . Thus, the impact of genetic variations on PDYN expression is complex and context dependent, partially due to the cis genotype-cell interactions, and epistatic interactions between nearby variants. Interestingly, rs1997794 resides in the PDYN promoter between the two DMRs that is strategical position for coordination of transcriptional events regulated by TFs targeting DMR1 that is USF2 and DMR2 that is DREAM.
Little is known about DNA methylation and its effects on PDYN gene transcription. DNA methylation of 2 short CpG islands located in the promoter and coding part of exon 4 of PDYN were analyzed in human brain tissues and peripheral blood mononuclear cells (PBMCs) . Methylation of the promoter CGI differed substantially between brain tissues and PBMC, and between caudate and anterior cingulate cortex. Thus, PDYN promoter DNA methylation profile was concluded to be typical for Figure 6 . Model for integration of epigenetic and transcriptional mechanisms of cell type-specific PDYN expression in the human dlPFC. USF2, the ubiquitous TF expressed at high levels in subpopulation of neurons, activates PDYN transcription through binding to nonmethylated E-box in the short, nucleosome size human promoter-specific CGI in PDYN, which is hypomethylated in neurons.
This results in co-localization of USF2 and PDYN proteins. In non-neuronal cells the CGI is hypermethylated that prevents activation of PDYN transcription by USF2, which is also present in these cells albeit at low levels. Methylation levels of DMR2 are opposite to those of the DMR1/CGI both in neurons and glia. This primary responsive genes with regulatory elements for both basal and tissue-specific transcription .
Rodent studies demonstrated that a cell lineage-specific Pdyn expression is controlled by Ptf1a, Pax2, Neurod1/2/6, and Bhlhb5 TFs in the dorsal spinal cord and Islet-1 in the striatum (Brohl et al. 2008; Huang et al. 2008; Wildner et al. 2013; Kardon et al. 2014; Lu et al. 2014) . These TFs and USF2 are E-box-binding proteins (Ptf1a, Neurod1/2/6, and USF2), modulate E-box-dependent transcription, or are regulated by E-box TFs. Thus, E-box-mediated regulation may be a prerequisite for formation of cellular PDYN phenotype in rodent and human CNS.
As the limitation the absence of in vivo evidence on a role of USF2 in PDYN transcription that may be obtained in animal models should be mentioned. It is necessary to emphasize that PDYN promoter CGI is a unique human trait that is not a characteristic of rodent Pdyn promoter. Animal study would require a construction of humanized mice lines with a transgene in which human PDYN CGI would drive neuronal expression of a reporter gene. Three conditions should be met: (1) low CGI methylation and (2) the presence of high USF2 levels in expressing neurons. Furthermore, (3) effects of other E-box TFs (cMyc, Max, Neuro D) that are widely expressed across the CNS should be excluded. Future studies aimed to generate a transgene, which fulfills these 3 conditions, are warranted.
Neuropeptides are special in their expression profiles restricted to specific neuronal subpopulations. Epigenetic and transcriptional mechanisms that define spatial, temporal, and adaptive neuropeptide expression patterns have not yet been identified. Our study is apparently the first that uncovers these mechanisms for human brain. Our findings suggest that the short, nucleosome size human gene-specific PDYN promoter CGI may regulate cell type-specific PDYN transcription as a chromatin element that integrates cellular signals through changes in methylation/demethylation and TF binding (Fig. 6) . Interestingly, short CGIs in contrast to long islands mostly reside in intragenic regions and exhibit tissuespecific DNA methylation patterns that points to their specific functions (Zeng et al. 2014) . Our findings emphasize the complexity of PDYN regulation that determines its cell type-specific expression in human brain through the dual epigenetic and transcriptional mechanism. Given the important role of dynorphins in addictive and psychiatric disorders, our findings provide an insight into fundamental molecular mechanisms that may be impaired in pathological human brain.
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